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Abstract: 
Concentrations of major ions and the 13C composition of dissolved inorganic carbon in groundwater and 
submarine groundwater discharges (SGD) in the area between Siracusa and Ragusa provinces, southeastern 
Sicily, representing coastal carbonate aquifers, are presented and discussed. Most of analyzed groundwater 
belong to Ca-bicarbonate type, in agreement with the geological nature of carbonate host rocks. Carbonate 
groundwater acquire, beside the dissolution of carbonate minerals, dissolved carbon (and the relative 
isotopic composition) from the atmosphere and from soil biological activity. In fact, 13C values and TDIC 
contents show that both these sources contribute to carbon dissolved species in the studied waters.
Finally, mixing with seawater resulted the second main factor of groundwater mineralization. 
KEY WORDS: groundwater; submarine groundwater discharge; dissolved inorganic carbon; carbon-13; 
isotope signature; atmospheric CO2, biogenic CO2, coastal zone; Sicily 
INTRODUCTION 
As carbonate formations are sites of extensive underground water circulation, they are of 
primary interest in water resource management. This is particularly true in Sicily, where 
the widespread outcropping of Mesozoic - Tertiary carbonate rocks, along with scarce 
meteoric precipitation and poor surface runoff, make underground circulation the main 
water resource for human activities.  
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The mono-mineral nature of carbonate rocks, their homogeneous major and trace 
composition (Reeder, 1983) and well known energetics and kinetics of dissolution 
reactions (Morse et al., 2002), allows to construct models of carbonate-aqueous mass 
transfers following the Langmuir (1971) approach. 
Carbonate groundwater systems hosted in coastal areas are of particular concern 
because they are sites of potential interactions between the groundwater systems and 
seawater, the morphology and location of this interface being a complex function of 
groundwater discharge rate, permeability of the host rocks and hydrodynamic conditions. 
Since the groundwater/seawater interface is depending on a complex dynamic 
equilibrium of several contemporaneously acting forces, it turns out that diffuse and 
uncontrolled overexploitation of coastal aquifers, along with structural and climatic 
circumstances, may increase the possibility of seawater intrusion, as encountered all over 
the world (Taniguchi et al. 2002). 
Submarine springs, found in many parts of the world, represent the most visible form of 
submarine groundwater discharge (SGD). This term also includes a slow groundwater 
seepage, flowing out along most shorelines, which may be even volumetrically more 
important than discrete springs.  
This study addresses complex aspects of coastal carbonate aquifers, focusing on the 
area between Siracusa and Ragusa, South-eastern Sicily, known as Hyblean Plateau 
(Figure 1). The coast in this area is bordered by sand beaches intersected by limestone 
outcrops. Several sites of groundwater discharge are known to exist in the intertidal zone, 
and were usually associated with discharge of groundwater infiltrating in inland 
limestone outcrops.  
During several hydrogeochemical surveys 139 groundwater samples, including wells 
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and springs, and 30 submarine manifestations, were collected and analyzed in the 
framework of the multidisciplinary project “Nuclear and Isotopic Techniques for the 
Characterization of SGD in Coastal Zones”, sponsored by IAEA and UNESCO (Povinec 
et al., 2006).  Seepage rate measurements carried out in the Donnalucata boat basin using 
manual and automatic seepage meters indicated SGD fluxes from 300 to 1000 m3/day 
(Taniguchi, 2006), which were in reasonable agreement with average flux of 1500 m3/day 
provided by radon measurements (Burnett and Dulaiova, 2003). 
In this paper we will discuss the results relative to the major ion composition of the 
collected waters, along with the 13C composition of the dissolved inorganic carbon, in 
an attempt of getting insights into the sources of carbonate dissolved species.  
 
HYDROGEOLOGY 
The permeability analysis of the Ragusa and Siracusa territory reveals various 
aquifers or lithological complexes capable of containing and transmitting significant 
quantities of groundwater. (Ruggieri, 1990). The alternating calcareous-calcarenitic-
marny Ragusa Formation (Mount Irminio and Mount Leonardo) and the white flint 
limestone - Amerillo member of the Alcamo Formation of the Upper Oligocene and the 
Lower Miocene age, located in the center of the study area. The covered area is of about 
2300 km2 which constitutes on a regional scale a powerful carbonate aquifer of high 
secondary permeability, due to the intense fracturing of the impermeable clay substratum 
of the Hybla and Alcamo Formations. This sedimentary aquifer is related to another one 
situated in the western area (west of Ragusa), found in the Pleistocene calcarenites, 
varying in thickness, which tied to the progressive increase in depth of the impermeable 
stratum. Meanwhile, in the northeastern part of the study area (north of Sortino), a 
Page 3 of 24
http://mc.manuscriptcentral.com/hyp
Hydrological Processes
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
For Peer Review
vulcanite aquifer extends for about 1000 km2, whose permeability and transmission 
values are 10-5 m/s and 10-3 m/s, and whose thickness is variable but in some areas 
reaches 500 m. 
A simplified water balance model for the Hyblean area has been recently proposed by 
Grassa et al. (2000). The authors estimated the volume of infiltrating waters between 4.7 
and 6.8 108 m3 /y, with a corresponding water volume yield from the Hyblean Plateau 
from 15 to 20 m3/s. More than 90% of the total water volume infiltrates through high 
permeability carbonate rocks and the volcanic deposits. 
 
METHODS 
This study reports compositional data for forty water sampling sites, where water 
samples were collected during several surveys carried out throughout 2002-2003. Waters 
samples were analyzed in the field for temperature, pH, Eh and electric conductivity.  
Chemical analyses of water samples were performed at the laboratory of Dipartimento di 
Chimica e Fisica della Terra of Palermo University. Major cations (Na, K, Mg and Ca) 
were analyzed by ion chromatography on filtered (0.45 Gm membranes) samples, stored 
in polyethylene bottles after acidification to pH~2. F, Cl, NO3 and SO4 contents were 
determined on unfiltered samples by ion chromatography, while total alkalinity was 
determined by titration with 0.1 N HCl in an unacidified aliquot. 
The stable carbon isotope composition of the total dissolved inorganic carbon (TDIC) 
samples were analyzed by mass-spectrometry at the Instituto Nazionale di Geofisica e 
Vulcanologia (INGV) -Palermo section. 
 
RESULTS 
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Major ion chemical composition  
Groundwater samples (wells and springs) range from very dilute (TDS ~ 230 mg/l) to 
highly saline (TDS ~ 14 g/l) waters, characterized by electric conductivity from 4·102 to 
5.2·103 GS cm-1. This large range is too wide to be explained by only water-rock 
interaction (WRI) processes.  
Two hydrogeochemical water types are present in the studied groundwater wells as 
detected from the Piper diagram (Figure 2). The first one is (Na++K+) – (Cl-+SO42-) type 
that is believed to be mainly due to seawater intrusion. The second type is represented by 
(Ca2++Mg2+) – (HCO3-) composition which is interpreted as a result of carbonate 
minerals dissolution (calcite, dolomite, aragonite). 
Na+- Cl- diagram (Figure 3a) shows that all the samples tend to seawater composition, 
pointing to a certain degree of contamination, ranging from 30% to 80%. The same 
information can also be deduced from the Mg2+/Cl- ratio (Figure 3b). In these diagrams 
solid curves represent computed model mixing lines between dilute bicarbonate and 
saline (marine) chloride-rich components, the former one being representative of 
meteoric recharge in the area.  
Calcium and bicarbonate contents, present in the waters, require to include another 
genetic process, additional to the mixing one. Most of the analyzed groundwater on the 
inland area belongs to the Ca-bicarbonate type, what is in agreement with the geological 
nature of carbonate host rocks (limestone) of Cretaceous - Miocene age. The significant 
calcium and carbon excess can be ascribed to groundwater/carbonate rocks interaction 
during its infiltration and discharge inside the carbonate aquifer. WRI processes can be 
quantitatively modeled following the Langmuir (1971) procedure. According to him, the 
composition of groundwater flowing inside the carbonate aquifers can be modeled taking 
Page 5 of 24
http://mc.manuscriptcentral.com/hyp
Hydrological Processes
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
For Peer Review
into account two alternative “end member” processes, with several intermediate 
situations in between. These include: (a) an irreversible carbonate dissolution process, 
typical of immature fast-infiltrating meteoric groundwater congruently and irreversibly 
dissolving carbonate minerals; (b) a “mature” equilibrium water-carbonate interaction, 
typical of groundwater having attained thermodynamic equilibrium with the host rock 
minerals after prolonged residence time in the aquifer. The main important implication is 
that both these processes, (a) and (b), are accessible to quantitative determination 
(Langmuir, 1971).  
The process (a) is well expressed by the following reaction: 
CaCO3 + CO2 + H2O = Ca2+ + 2HCO3- (1) 
According to reaction (1), calcium and bicarbonate ions are produced at the expenses of 
solid calcite (or dolomite, if Mg2+ is taken into account) during irreversible WRI, in a 
system either closed or open to a CO2 reservoir. The closed system is typical for under-
saturated groundwater with respect to a carbonate mineral having a “finite” amount of 
CO2 available for the reaction (1). The groundwater system is thought to become isolated 
from fresh sources of CO2 (either the atmosphere or the soil environment), so that the 
advance of reaction (1) is accompanied by a decrease in CO2 content with time and a 
corresponding increase in HCO3-.
Ignoring the differences between activities and concentrations, when mCO32- is 
negligible (pH<8.3), this takes the form (Langmuir, 1971): 
d(PCO2) = -1/2 d(mHCO3-) (2) 
As PCO2 = [ H2CO3]/K CO2 in the expression (2) is equivalent to: 
d(m H2CO3) = -1/2 d(mHCO3-) (3) 
and through K1, d(m H2CO3) may be replaced to give: 
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d(mHCO3-)/d(pH) = 2·30 [(mHCO3-)/(2+K1 X 10pH )]    (4) 
and the integration yields: 
(m HCO3-) (2 ·10-pH + K1) = C (5) 
where C is a constant for a given water. Knowing the initial pH and mHCO3- of the 
water, we can solve the eq. (5) for C. Curves in Figure 4, labeled “no CO2 added” have 
been calculated using the expression (5), and stand for the model compositions of 
groundwater irreversibly dissolving carbonate minerals in a chemical environment closed 
to CO2.
In a similar way, if an infinite reservoir exists, continuously replacing the consumed 
CO2 as reaction (1) advances, both the pH and HCO3- content will increase with 
increasing reaction extent (time in the aquifer = WRI time). In fig. 4, water chemistry will 
evolve diagonally upwards along lines of constant PCO2. These lines are calculated 
through the equation (Langmuir, 1971): 
mHCO3- = KCO2 * K1 * PCO2 * 10pH/ RHCO3- (6) 
The process (b) is instead described by the reaction: 
CaCO3(s) + CO2 (g) + H2O = Ca2+ + 2HCO3- (7) 
MgCO3(s) + CO2 (g) + H2O = Mg2+ + 2HCO3- (8) 
The equilibrium constants of reactions 7 and 8 are: 
 Log K = Log aCa2++ Loga2HCO3- Log pCO2 Kcal. = 10-5.9 (9) 
 Log K = Log aMg2++ Loga2HCO3- Log pCO2   Kdol. = 10-13.9 (10) 
and can be rearranged to give the equilibrium theoretical lines also drawn in fig. 4, and 
labeled as “Calcite” and “Dolomite”, respectively. In the diagram, water data from this 
study exhibit inverse relationships between pH and HCO3- contents, clustering along 
water/calcite and water/dolomite equilibrium lines (as above computed for the process 
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(b)). Figure 4 thus suggests that residence times in the studied carbonate aquifers are long 
enough for the process (a) to become negligible and equilibrium with carbonate rocks 
being established. Of course, this also reflects fast kinetics of carbonate dissolutions at 
the Earth’s surface (Buhmann et al. 1985 a,b; Morse et al. 2002). 
Most of carbon-rich groundwater samples, in turn, depart from the above defined 
charge balance line, plotting along the calcite equilibrium theoretical lines computed at 
various PCO2, according to: 
[Ca2+] [HCO3-]2 / PCO2 = Kso K2-1 KH K1 = 10-5.9 (11) 
With this respect, higher Ca contents of submarine springs likely reflect increasing pH 
(and consequently decreasing bicarbonate contents, see Figure 4) prevailing at the fresh-
water/seawater interface. Based on the above discussion, it is not surprising that 
saturation indexes for calcite and dolomite of the studied water samples cluster around 0.  
Saturation indexes of calcite, dolomite and gypsum were calculated, for each water 
sample, by the aqueous speciation code PHREEQC (Parkhurst, 1995), also yielding 
TDIC, PCO2, and the activities of the main dissolved species. Most of the groundwater 
results are also close to the saturation with respect to the dolomite (S.I. dolomite is from –
3.09 to 2.13, with a mean value of - 0.17).  
 
Carbon isotopes  
In a carbonate aquifer system, the main carbon source is the dissolution of carbonate 
minerals (calcite and/or dolomite); accordingly to that, the isotope composition of 
dissolved carbon in carbonate groundwater is expected to fit closely to the isotopic 
signature of the hosting aquifer rocks, which should range around 0‰ vs. PDB. Slightly 
more positive isotopic compositions (~2 ‰) are expected for Mesozoic carbonate 
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formations of similar age as those outcropping in the study area (Veizer and Hoefs, 
1976), while modern marine limestones fall in the -1‰ to +2‰ range with an average of 
+1‰ (Ohmoto, 1986). Azzaro et al. (1993) determined the carbon isotope composition of 
carbonates from the study area, yielding 13C values ranging from -2.32 to +2.63‰. 
Beside the dissolution of carbonate minerals, carbonate groundwater may acquire 
dissolved carbon (and the relative isotopic composition) from external sources through 
their infiltration in the aquifer, including carbon derived from the atmosphere and from 
biological activity in the soil (as decomposition of organic material, plant root respiration, 
or from waste water, if they are used for agriculture purposes, but it is not our case). 
While the isotope composition of atmospheric CO2 is at present rather invariant and 
about -7‰, the 13C of biogenic carbon produced in the soil is rather variable (-18‰ to -
28‰.; Pearson and Friedman, 1970; Deines et al. 1974; Plummer, 1977; Rose and 
Davisson, 1996) and depends on soil features (thickness, age, climatic conditions and 
elevation) and plant types (Quade et al. 1989). A 13C of -25‰ value, for biogenic 
carbon, has been assumed throughout this study. 
The above isotopic signatures of either rock or gaseous CO2 reservoirs provide a 
quantitative base for the interpretation of 13C (TDIC) values in the studied groundwater. 
13C was measured in a representative subset of samples, listed in table 1, and graphically 
drawn vs. the corresponding TDIC concentration in Figure 5. Measured 13C values 
range over about 10 ‰ units, from -4.98 to -14.5‰. They fit the range of values 
measured in other carbonate aquifers in Sicily (Grassa, 2000; Liotta, 2002), but are 
systematically more negative of 13C compositions of groundwater flowing in active 
volcanic areas such as Etna (Allard et al., 1997) and Vesuvius (Federico et al, 2002), or in 
carbonate systems from the Apennines, where deep-seated carbon sources (magmatic, 
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mantle-derived or thermogenic) are involved (Chiodini et al., 1999, 2000). The wide 
range of compositions measured in the study area are likely indicative of (i) variable 
contributions from different potential sources (limestone dissolution and/or CO2
contribution from atmosphere and soil), or (ii) a relevant heterogeneity of physical 
chemical conditions in the aquifer. As concerns point (ii), it is noteworthy that the extent 
to which the 13C content is present in groundwater is mostly controlled by pH. This is 
because 13C is readily partitioned during geochemical transformations and different 
isotope fractionation factors apply to different potential TDIC reactions (Table 2). These 
isotopic fractionations take place during the sequence of reactions occurring upon 
interaction of infiltrating rainwater with gaseous CO2 (either of atmospheric or soil 
origin) or as carbonate rocks dissolve in water, generating TDIC species. The 13C of the 
resulting DIC will be controlled by the relative concentration of each TDIC species, in 
addition to the relevant fractionation factor. According to that, the isotope composition of 
TDIC in equilibrium with a gaseous CO2 reservoir can be computed from the equation:  
13C(TDIC) = (13CCO2(g) + 13CCO2(aq)–CO2(g)) · fCO2(aq) + (13CCO2(g) + 13CHCO3–CO2(g)) ·
fHCO3 + (13CCO2(g) + 13C CO3–CO2(g)) · fCO3 (12) 
where  “f”  is a fractional concentration of each DIC species, and  is the enrichment 
factor between the DIC species and CO2(g).
To quantitatively interpret our data, we first used relation (12) to compute the isotope 
compositions of TDIC of a solution in equilibrium with soil CO2 (13CCO2(g) = –25‰). 
The relative fractional concentrations of DIC species (fCO2(aq), fHCO3, and fCO3), required in 
the relation, were derived by numerical modeling (PHREEQC, Parkhurst 1995), 
computing the equilibrium speciation of a water solution at externally fixed pCO2 values 
of 0.1, 0.05 and 0.01 bar, respectively (these PCO2 values were considered realistic for  
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soil environment). 
The above evaluation yields 13C values for the resulting DIC of about –26‰, 
independent from PCO2 value considered (Figure 5). Such constant 13C (TDIC) values, 
slightly more negative that soil CO2 isotopic signature, depend on the fact that CO2 is the 
main carbon species at the prevailing acidic conditions (Table I). This contrasts with the 
situation often encountered in waters with higher pH ranges (most natural waters are 
between 6.5 to 8.5) where both CO2 (aq) and HCO3 are dominating, and TDIC is 
consequently enriched by 6 to 9‰ over the CO2 in the gas phase. On the other hand, 13C
(TDIC) and TDIC (mg/L) values for a solution in equilibrium with atmospheric CO2
(13CCO2(g)  about –7 ‰) were computed in a similar way, yielding –5.5 ‰ and 0.3 mg/L, 
respectively (Figure 5). Figure 5 draws the theoretical compositions (in terms of both 
13C (TDIC) and TDIC) of solutions in equilibrium (at various PCO2) with a pure-calcite 
mineral phase. Again, this requires an a-priori computation model for relative fractional 
concentrations of DIC species and the use of a relation similar to (12), where 13CHCO3–
CaCO3(s), 13C CO3(a)–CaCO3(s), and 13CCO2(a)–CaCO3(s) (Table 1) have been considered. 
It is apparent in Figure 5 that, as dictated by thermodynamic and isotope 
fractionations in carbonate-solution equilibrium, the TDIC content is increasing and the 
13C (TDIC) is decreasing as PCO2 values are increasing (the latter effect being again a 
result of increasing f CO2(aq) ). 
According to Dongarrà et al. (1995), a qualitative assessment of the relative 
proportions of soil-derived (s) and rock-derived (r) carbon in the studied groundwater 
can be expressed as : 
13C (TDIC) = s (13CCO2(g) - 13CCO2(g)–HCO3) + r (13CCaCO3(s) -13CHCO3–CaCO3(s)) (13) 
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The above equation assumes that the bicarbonate ions are the exclusive carbon dissolved 
species at the prevailing neutral pH conditions of the studied groundwater. It allows to 
compute the equilibrium 13C(TDIC) values from -15‰ (s=100) to -2‰ (c=100), 
graphically represented by the grey shaded area in Figure 5. This qualitative model 
allows to point out that the main soil contribution is the carbon-poor groundwater, and 
the rock contribution has likely to be dominant for high 13C and high TDIC contents of 
groundwater. 
 
CONCLUSION 
The mineralogical and chemical composition or carbonate formations of the aquifer play 
a decisive role, as demonstrated by prevailing Ca-HCO3 groundwater compositions. This 
finding is also consistent with the thermodynamic model, showing that the fluids are in 
equilibrium with calcite at the prevailing pH and PCO2 conditions; such equilibrium 
conditions being a result of prolonged interaction with fast-congruently-dissolving 
carbonate minerals. The TDIC carbon isotope composition also shows that the main 
origin is from the carbonate rocks present in the area, although a substantial organic 
derivation of dissolved carbon is also present.  
Mixing with seawater component is the second main source of groundwater 
mineralization. This is not good news, indeed: it reveals that the indiscriminate 
proliferation of private and public wells during the last decades is already altering the 
delicate equilibrium of water budgets in coastal aquifers. Any future action aimed at 
developing methods to exploit SGD for human purposes should this carefully into 
account. 
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Figure Captions 
Figure 1: Location of the study area and sampling sites. 
Figure 2: Piper diagram. Identified water groups: wells = filled squares; submarine 
springs = empty triangles; springs = filled diamonds; seawater = asterisk. 
Figure 3: Correlation diagrams of sampled waters (the symbols are the same as in Figure 
2); (a) Na+ vs. Cl; (b) Mg2+ vs. Cl-. Computed model mixing lines between dilute 
bicarbonate and saline (marine) chlorine-rich components are also shown. 
Figure 4: HCO3- vs. pH scatter plot for the studied groundwater samples. Bicarbonate 
and pH model compositions for the carbonate-solution system are also drawn (Langmuir, 
1971): (a) calcium and pH for groundwater formed during irreversible carbonate 
dissolution process in closed (dashed line) and open (solid lines) systems; (b) calcium 
and pH for groundwater in equilibrium with calcite and dolomite (dotted lines). An 
inverse relationship between pH and HCO3- contents is manifested, suggesting that the 
groundwater composition is controlled by conditions near saturation with calcite and 
dolomite. Asterisk is the seawater point. 
Figure 5: 13C vs. TDIC diagram. Black squares, model compositions of solutions in 
equilibrium with soil CO2 (at the labelled partial pressures); Grey dots, a model 
composition of solution in equilibrium with the atmosphere; Continuous white lines - a 
model composition of solution in equilibrium with calcite (at the labelled partial 
pressures). 
Table 1: Carbon isotope composition of the studied water samples, expressed in ‰ vs. 
PDB. 
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Table 2: Isotope enrichment factors between dissolved and gaseous carbon species at 
several temperatures.
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Sample Area Symbols Sampling 
date 
(mounth/year) 
δ13C 
(0 vs. 
PDB) 
SGD 30 D ∆ 09/03 -10.7 
SGD 31 E ∆ 09/03 -12.7 
SGD 32 E ∆ 09/03 -8.5 
SGD 33 B ∆ 09/03 -9.1 
SGD 34 C ∆ 09/03 -8.9 
W 36 C  09/03 -13.4 
W37 E  09/03 -9.4 
W38 E  09/03 -13.2 
W39 E  09/03 -12.9 
W40 E  09/03 -10.7 
W41 E  09/03 -9.7 
W42 E  09/03 -6.6 
W43 E  09/03 -8.4 
W44 E  09/03 -10.0 
W45 E  09/03 -7.3 
W46 E  09/03 -10.8 
W47 E  09/03 -5.0 
W48 E  09/03 -14.3 
W49 E  09/03 -11.3 
W50 E  09/03 -9.2 
W51 E  09/03 -9.8 
W53 E  09/03 -12.6 
W55 E  09/03 -12.6 
W126 A  01/03 -12.4 
W127 A  01/03 -10.2 
W128 A  01/03 -14.5 
W129 B  01/03 -9.3 
W130 B  01/03 -8.4 
W131 C  01/03 -11.2 
W132 C  01/03 -10.5 
W133 C  01/03 -11.1 
W134 C  01/03 -10.8 
W135 E  01/03 -12.2 
W136 E  01/03 -14.0 
W149 D  09/03 -12.3 
S 1 E  09/03 -14.1 
S 3 E  09/03 -12.4 
S 5 E  09/03 -12.8 
S157 D  03/02 -12.3 
S161 E  09/03 -13.4 
S164 A  09/03 -12.2 
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T °C 13C CO2 (aq)-CO2 (g) 13C HCO3-CO2 (g) 13C CO3 -CO2 (g) 13C CaCO3-CO2 (g) 13CCaCO3-HCO3
0 -1.2 10.9 11.35 14.4 3.6
5 -1.2 10.2 9.8 13.5 3.3
10 -1.1 9.6 9.2 12.7 3.0
15 -1.1 9.0 8.6 11.8 2.8
20 -1.1 8.5 8.1 11.1 2.6
25 -1.1 7.9 7.6 10.4 2.4
35 -1.0 6.9 6.6 9.0 2.2
50 -1.0 5.5 5.2 7.4 1.9
13C CO2 (aq)-CO2 (g) = -0.373 (103T-1)+0.19 (Vogel et al., 1970)
13C HCO3-CO2 (g)=9.552(103T-1)-24.10 (Mook et al., 1974)
13C CO3 -CO2 (g)=0.87(106T-2) (Deines et al., 1974)
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